We investigated the structure and magneto-transport properties of magnetic junctions using a Co 2 Fe(Ga 0.5 Ge 0.5 ) Heusler alloy as ferromagnetic electrodes and a Cu(In 0.8 Ga 0.2 )Se 2 (CIGS) semiconductor as spacers. Owing to the semiconducting nature of the CIGS spacer, large magnetoresistance (MR) ratios of 40% at room temperature and 100% at 8 K were obtained for low resistance-area product (RA) values between 0.3 and 3 X lm 2 . Transmission electron microscopy observations confirmed the fully epitaxial growth of the chalcopyrite CIGS layer, and the temperature dependence of RA indicated that the large MR was due to spin dependent tunneling. Published by AIP Publishing. [http://dx
Recent efforts at lowering the resistance-area-products (RA) of magnetic tunnel junctions (MTJs) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] and enhancing the magnetoresistance (MR) of intrinsically low-resistance current-perpendicular-to-plane giant magnetoresistance (CPP-GMR) devices [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] have shown the possibility of realizing low RA and high MR devices for the read sensors of ultrahigh density hard disk drives with a capacity greater than that of 2 Tbit/in. 2 , gigabit-scale non-volatile magnetic random access memories (MRAMs), and low energy consumption spin logics.
In order to develop read sensors and spin transfer torque (STT) MRAMs, further improvement in MR must be achieved in the intermediate range of the RA values (0.1-1 X lm 2 ). However, this is challenging in the case of both the MTJs and the CPP-GMR devices. For the MTJs, fine tuning of the deposition conditions of the ultrathin MgO barrier leads to the reduction of the RA while maintaining a high MR, [5] [6] [7] and recently, a 100% MR ratio was reported for a low RA value of 0.3 X lm 2 . 8 The CPP-GMR devices also show great progress in improving the MR ratios by using half-metallic Co-based Heusler alloys. [11] [12] [13] [14] [15] [16] The current highest intrinsic MR ratio of 82% at room temperature (RT) (182% at 4 K) was recently reported for a Co 2 Fe(Ga 0.5 Ge 0.5 )/Ag/Co 2 Fe(Ga 0.5 Ge 0.5 ) pseudospin valve with RA ¼ 0.1 X lm 2 . 16 Two different approaches have been followed to increase the RA in CPP-GMR devices: using nano-confined paths in the nano-oxide-layer 17 and using conductive oxides such as ZnO, 18 InSnO, 19 InZnO, 20 and MgAlCu-O 21 for the spacer. Another interesting approach is to use non-oxide semiconductors such as Si, GaAs, and ZnSe, which have relatively small band gaps of $1-2 eV as compared to the value of 7.8 eV for MgO. 22 However, there remains a crucial difficulty in growing a semiconductor spacer on the top of a ferromagnetic metal electrode. 23, 24 For example, preparation of an Fe/GaAs/Fe tunnel junction by using the so-called epoxybond-and-stop-etch technique has been reported, in which a GaAs tunnel barrier was grown on an AlGaAs layer using the molecular beam epitaxy technique and then trimmed out by an etching process. Even though such a complicated fabrication method was employed, only a small MR ratio of $5% at low temperatures was obtained in the Fe/GaAs/Fe MTJs. 25, 26 Further, theoretical investigations suggest that the MR is strongly affected by the spin orbit interaction and the interface resonant state. 27, 28 So far, no promising results, i.e., high MR ratios in low RA ranges, have been reported for the MTJs using non-oxide semiconductors as spacer materials.
In this study, we focus on Cu(In 1Àx Ga x )Se 2 (CIGS) as a spacer material, which is known as a p-type compound semiconductor for high-efficiency solar cells. [29] [30] [31] [32] In the ideal case, CIGS has the chalcopyrite crystal structure, whose lattice constant can be tuned between 0.56 and 0.59 nm by changing the In and Ga ratio. The lattice constants are similar to the typical values of Co-based Heusler alloys, e.g., 0.574 nm for Co 2 Fe(Ga 0.5 Ge 0.5 ) (CFGG). 33 The typical bandgaps vary between 1.0 eV (CuInSe 2 ) and 1.7eV (CuGaSe 2 ), which are comparable with those for Si and GaAs semiconductors. Highquality CIGS films can also be grown by various methods, such as physical vapor deposition and non-vacuum processes. 34 These processes are not applicable to GaAs and Ge semiconductors, for which molecular beam epitaxy is the only deposition method. These unique features of CIGS have motivated us to test the potential of CIGS as a spacer material for low resistance MTJs.
In this letter, we report magneto-transport properties of the magnetic junctions that are composed of Co 2 Fe(Ga 0.5 Ge 0.5 ) Heusler alloy ferromagnetic layers and a Cu(In 0.8 Ga 0.2 )Se 2 spacer layer. We achieved a 2-nm-thick chalcopyrite CIGS layer grown epitaxially on top of a CFGG underlayer. In these junctions, MR ratios higher than 40% at room temperature and 100% at 8 K were observed, and RA increased with decreasing temperature, suggesting that CIGS layer works as a tunneling barrier.
A film stack consisting of Ru(8 nm)/Ag(5 nm)/ CFGG(10 nm)/CIGS(2 nm)/CFGG(10 nm)/Ag(100 nm)/ Cr(10 nm) was deposited on a MgO single crystalline substrate (see Fig. 1 ). All the layers were deposited at room temperature (RT) by magnetron sputtering with a base pressure of 1 Â 10 À5 Pa. The CIGS and CFGG layers were deposited by DC magnetron sputtering, while RF magnetron sputtering was applied for the other layers. First, the MgO(001) substrate was flushed at 550
C to obtain a clean surface. The bottom Ag/Cr bilayer, which works as a buffer layer, was annealed at 300 C for improving the crystallinity and surface flatness. After deposition of the bottom CFGG layer, further annealing was performed at 500 C to promote L2 1 ordering of the CFGG layer. Finally, ex situ annealing at 300 C was carried out after the full stack was deposited. For comparison, a CPP-GMR stack with a 5-nm-thick Ag layer instead of the CIGS spacer was also prepared.
The structure of the film stack was characterized using high angle angular dark field scanning transmission microscopy (HAADF-STEM) and nano-beam electron diffraction (NBED) using an aberration corrected STEM, FEI Titan G2 80-200. The TEM specimens were prepared using an Ar ion-milling technique. In order to measure the magnetotransport properties, the film stack was patterned into rectangular and elliptical nano-pillar-shaped elements using the conventional microfabrication technique, in combination with e-beam lithography and Ar-ion milling techniques. The Fig. 2(a) . It also shows a simulated STEM image and the atomic projection from the [110] direction. The interfaces between CFGG and CIGS are atomically flat. The termination layers are Co, Se, and Ga/Ge/Fe for the bottom CFGG, CIGS, and top CFGG layers, respectively. There is no misfit dislocation in the interface region. Figure 3 shows typical MR curves for the magnetic junctions with a 2-nm-thick CIGS spacer layer and a 5-nmthick Ag spacer layer. In the case of the CPP-GMR with the Ag spacer, the MR ratio is approximately 20% with DRA being approximately 8 mX lm . This MR ratio is reasonable for the CFGG-based CPP-GMR, considering the relatively low annealing temperature for the top CFGG layer. 15 When the Ag layer was replaced by a CIGS layer, the MR ratio jumped to approximately 40%, indicating that higher spin injection efficiency was achieved because of the CIGS layer. Note that such a high MR value has never been reported before for magnetic junctions using a nonoxide semiconductor as a spacer layer. Figure 4 summarizes the MR ratio, RA, and DRA for the MTJs with a CIGS spacer as a function of the device inverse cross-sectional area (A À1 ). The MR ratio shows a similar value of $40% in the entire range of A À1 and its maximum is 57%. However, independent of A distribution of Ga inside the CIGS layer. Even spinodal decomposition might occur inside the CIGS layer. 35 Further work on the structural characterization of individual pillars may clarify the mechanism of the undesired scatter of the RA values. However, it may be noted that all the RA values are between 0.3 and 3 X lm 2 , which are within the desired region for spintronics applications such as read heads for hard disk drives with a capacity above 2 Tbit/in 2 and high-density STT-MRAMs.
To investigate the electron transport through the CIGS layer in more detail, the temperature dependences of MR ratio and RA were evaluated, as shown in Fig. 5 . The MR ratio at a low temperature of 8 K exceeds 100%, and the maximum reached is 127%, which is more than twice the RT value. The large MR is suggestive of high coherent electron transport through the CIGS layer, while previous investigations have reported that spin-orbit interaction and interface resonant states suppress MR through the GaAs layer. 27, 28 The RA values show a small increase of 10%-40% with decreasing temperature, indicating that the enhancement of MR is mainly due to the increase of DRA. The negative temperature coefficient observed in RA indicates that the electron transport through the CIGS spacer should be because of tunneling, and being different from the metallic transport in the CPP-GMR devices.
Finally, we comment on some issues on CFGG/CIGS/ CFGG magnetic junctions presented in this study. The breakdown voltage of the pillars was only $10 mV, and the MR ratio dropped to lower than 1% after the breakdown. This weak endurance to the bias voltage is presumably related to the scatter of RA values, suggesting the non-uniform transport of conduction electrons in spite of the perfect epitaxial growth of CIGS on CFGG. Annealing at temperatures above 500 C results in the breakdown of the layered structure due to diffusion from the CIGS layer to the CFGG layers, as shown in Fig. 2(f) . In order to achieve higher MR, the use of other Hesuler alloys that can highly order at a lower annealing temperature, such as Co 2 , which are substantially lower than those for MgO-based MTJs. The TEM observations confirmed fully epitaxial growth of the full stack through a chalcopyrite CIGS layer. Transport measurements indicate that the large MR is due to electron tunneling through the CIGS layer. The relatively high MR ratio for the low RA values suggests that the CIGS layers may be suitable barrier candidates for spintronics applications, where low RA devices are required. 
